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Minimal Radiative Neutrino Masses
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Max-Planck-Institut fu¨r Kernphysik (MPIK)
Saupfercheckweg 1, 69117 Heidelberg, Germany
We conduct a systematic search for neutrino mass models which only radiatively produce the
dimension-5 Weinberg operator. We thereby do not allow for additional symmetries beyond the
Standard Model gauge symmetry and we restrict ourselves to minimal models. We also include
stable fractionally charged and coloured particles in our search. Additionally, we proof that there
is a unique model with three new fermionic representations where no new scalars are required to
generate neutrino masses at loop level. This model further has a potential dark matter candidate and
introduces a general mechanism for loop-suppression of the neutrino mass via a fermionic ladder.
I. INTRODUCTION
Since the discovery of neutrino oscillations and, therefore, non-vanishing neutrino masses, there have
been numerous proposals explaining these small but non-zero masses. All of them add at least one new
representation to the Standard Model of particle physics (SM). The Standard Model is a gauge theory
based on the symmetry group
GSM = SU(3)C × SU(2)L × U(1)Y , (I.1)
and contains the scalars and fermions shown in table (I).
Name Label Representation
Left-handed lepton doublet ℓL (1,2,-1)
Right-handed charged fermion eR (1,1,-2)
Left-handed quark doublet QL (3,2,1/3)
Right-handed up-quark uR (3,1,4/3)
Right-handed down-quark dR (3,1,-2/3)
Higgs boson H (1,2,1)
Table I: The Standard Model fermion and scalar content.
Here, hypercharge is normalised such that the electric charge Qem is given by Qem = Y/2 + I3 with
I3 the third component of the weak isospin.
2The most minimalistic extensions of the Standard Model which include neutrino masses are the well-
studied seesaw mechanisms. They each add one new representation to the Standard Model.
Type I seesaw adds a fermionic singlet with respect to the Standard Model gauge symmetry, νR ∼
(1, 1, 0)[1–4]. This introduces the following interactions
L ⊃ yℓℓ¯LH˜νR +MνRν
c
RνR , (I.2)
with H˜ = iσ2H
∗. The type II seesaw enlarges the Standard Model scalar content by a scalar SU(2)L-
triplet, ∆ ∼ (1, 3, 2) [5–8], yielding the following interactions
L ⊃ y∆ℓL∆ℓL + hH∆
†H . (I.3)
In type III seesaw, a fermionic SU(2)L-triplet, ρR ∼ (1, 3, 0), is added to the Standard Model [9], which
leads to the interactions
L ⊃ yρℓ¯LH˜ρR +MρRρ
c
RρR . (I.4)
The essence of the seesaw mechanisms thereby is the suppression of the neutrino mass due to the
very heavy new representations. However, besides being difficult to experimentally test, these new heavy
representation can contribute to the quantum corrections of the Higgs mass. A tuning would be necessary
to explain the measured Higgs mass, see Ref. [10–21] for recent discussions. Moreover, none of the type
I, II, and III seesaw fields has a clear theoretical motivation. Therefore, it is appealing to think about the
possibility that the neutrino masses are pure quantum effects, or, in other words, radiatively generated by
loop effects. An additional loop suppression of the neutrino mass could allow for smaller masses of the
new particles due to the additional loop suppression. This could avoid the neutrino hierarchy problem,
while, at the same time, allowing for better testability.
The first higher order operator generating neutrino masses is the dimension-5 Weinberg operator
OW = cW
ℓLHHℓL
ΛL
. (I.5)
Whereas, the discussed seesaw mechanisms are tree-level realisations of the dimension-5 Weinberg op-
erator, we will focus on models with additional suppression. This includes generation of the dimension-5
Weinberg operator at loop-level or suppression by a higher dimension of the operators inducing neutrino
masses at tree level. Since the latter also induce the Weinberg operator at some loop level, we will refer
3to these models as radiative neutrino mass models. Known radiative neutrino mass models are for exam-
ple the Zee-model [22], the Zee-Babu model [23, 24], and the colored seesaw models [25]. Moreover,
models like the scotogenic model [26] do not only introduce radiative neutrino masses but also provide
a candidate for particle dark matter.
An effort has been made to find and understand radiative neutrino mass models systematically. This
task was thereby approached from different angles. For example in Ref. [27, 28] an effective field theory
approach to organize neutrino mass mechanisms is used. Whereas, Ref. [29–33] categorise neutrino
mass mechanisms by the topology of the diagram which generates non-vanishing masses. Additional
systematic studies of neutrino mass generation can be found in Ref. [34–36].
In this paper, we conduct a systematic scan to answer the question: What are the neutrino mass mech-
anisms which generate the dimension-5 Weinberg operator at loop level and require the least number of
additional Standard Model representations? Note that we thereby have to differentiate new fermionic and
scalar fields. For example, in order to generate two non-vanishing neutrino mass differences at least two
new fermionic representations in the seesaw type I and III scenario have to be added, whereas only one
new scalar field in the seesaw type II scenario is necessary. We therefore first focus on the minimal num-
ber of new representations giving rise to a single massive neutrino generation and later discuss additional
copies when necessary for proper mixing. Additionally, single new fermionic representations have to be
added as vector-like Dirac particles or Majorana fermions with zero hypercharge to avoid anomalies1.
We will always explicitly state which combination of fermion fields we add.
In addition to pure radiative models, we will also find models introducing higher-dimensional ver-
sions of the Weinberg operator of the form
O′W =
ℓLHHℓL
Λ1+2nL
(H†H)n . (I.6)
However, these operators always also induce the dimension-5 Weinberg operator, by connecting the
H†H-pairs via loops. A rough estimate shows that the loop-suppressed dimension-5 operator will give
a larger contribution than the higher dimensional tree-level operator if
Λ & 4πv , (I.7)
where v is the Higgs vacuum expectation value and the scale Λ is associated with the mass of the new
particles. If there are different couplings contributing to the different operators, their ratio will also
1 Note that if multiple fermionic representations are added to the Standard Model, this no longer has to be the case.
4appear in this estimate [37].
Apart from the seesaw mechanisms, there is exactly one model that produces neutrino masses at
one-loop level with only one new beyond the Standard Model representation and a second copy of the
Standard Model Higgs. This is the known Zee-model [22]. Going beyond this minimal model, we
systematically search for radiative neutrino mass mechanisms with two new fields. A similar approach
was discussed in Ref. [38]. However, in this paper we will focus on the number of representations and
will allow for higher SU(2)L-representations and new coloured fields.
Additionally, we will proof that radiative neutrino masses cannot be generated with only two new
fermionic representations and we will further present the unique mechanism to generate neutrino masses
at loop-level with just three new fermionic representations without any new scalar fields. We will also
comment on the possibility of dark matter in this scenario and on the possibility to generate large loop-
suppression for the neutrino mass.
The paper is organized as follows. In section II, we will describe the systematic search for all possible
radiative neutrino mass models with two new beyond the Standard Model representations. The discussion
is thereby split into new fields transforming trivially with respect to SU(3)C and fields carrying colour.
We continue in section III with a formal proof why there is no model generating neutrino masses at
the quantum level with just two new fermions and will then introduce the unique model with three new
fermionic representations. Finally, we conclude in section IV.
II. SEARCH FOR RADIATIVE NEUTRINO MASS MODELS
In this section, we describe our systematic search for radiative neutrino mass models. We employ the
following set of assumptions:
• The Weinberg operator (I.5) appears only at loop-level.
• There are no new symmetries beyond the Standard Model symmetry group (I.1).
• There is only a minimal number of new GSM multiplets involved in the mass generation for a
single neutrino generation.
The first point leads to the exclusion of the type I, II, and III seesaw fields, as discussed in the intro-
duction. The last two constraints are implemented to allow for a bottom-up search for minimal viable
models.
To identify viable models we pursue the following line of arguments. If we do not allow for new
symmetries, the accidental global symmetry of lepton number is broken by the neutrino mass mechanism.
5The new fields must therefore induce lepton number violation (LNV) by two units 2. However, LNV is
only introduced if at least one of the new fields has a coupling to Standard Model leptons. Hence, we
should be able to identify all possible candidates by systematically scanning all possible couplings to the
Standard Model leptons.
After identifying a set of candidates, we check all possible interactions of the candidates to Standard
Model fields and to each other. If it is not possible to choose unique and non-trivial lepton numbers for
the new fields and we find LNV by two units, we have identified a possible model. This is a generalisation
of the LNV argument in [38].
When conducting a systematic model scan where minimality is an important criteria, it is essential
to define minimality properly. We consider models as minimal, if the number of new representations
required to generate radiative neutrino masses for a single generation is minimal. We thereby differentiate
three types of new fields:
• new scalar representations,
• new Dirac fermions,
• new Majorana fermions.
When counting the number of new representations, we do not consider multiple copies of the same
representation and we count vector-like Dirac fermion pairs as a single new representation. The minimal
number of new representations which we have to add to the Standard Model to generate neutrino masses
at the quantum level is two, except for the already mentioned Zee-model.
In the following, we differentiate type A models with two new scalars, type B models with one new
scalar and one new vector-like Dirac fermion, and type C models with one new scalar and one new
Majorana fermion. We summarize our results in tables where we use the following terminology:
• Within any type, the models are ordered by the dimension of the highest SU(2)L-representation
of the new fields. If this coincides for two models, the representation of the second field and the
hypercharges are considered. For coloured fields, we order first by highest SU(3)C -representation
and then by highest SU(2)L-representation.
• If the new scalars are colour singlets, they are labelled φ(a,b), where a denotes the SU(2)L-
representation and b the hypercharge. If the new scalars transform non-trivially with respect to
SU(3)C , we label them φ(c,a,b), where c is the SU(3)C -representation.
2 To generate Dirac neutrino masses, additional symmetries are required. U(1)B−L is suitable for example and is discussed in
Ref. [39–42]
6• If the new fermions are colour singlets, they are denoted by ψ
(a,b)
X , where a is the SU(2)L-
representation, and b is the hypercharge, and X can either be L or R for a left- or right-handed
fermion. If a vector-like Dirac fermion is required both chiralities are noted separately for clarity.
If the new fermions carry colour, they are labelled ψ
(c,a,b)
X , respectively.
A. Minimal radiative neutrino mass models without colour
We start our systematic search by considering new representations without colour. Hence, we have to
consider the leptonic fermion bilinears of the Standard Model and the possible couplings of a Standard
Model lepton to a scalar field. The complete lists of minimal models of type A, B, and C without new
coloured representations found in scanning these interactions are presented in the next two subsections.
1. Minimal models with two new scalars without colour
We present all models with up to two new uncoloured scalar representations added to the Standard
Model to generate neutrino masses at the quantum level in Table II.
The first model (A0) on the list is the Zee-model [22], which was already mentioned. In addition to
the new scalar singlet it requires a second Higgs field. Antisymmetry of the mass matrix in the flavour
indices can be avoided if both Higgs doublets develop non-zero vacuum expectation values. This can
also lead to flavour-violating effects [38].
Model New fields Loops Eff. dim. Relevant interactions New? Comments
A0 φ(1,2) 1 5
y1φ(1,2)ℓ
c
LℓL
+µH†2H˜1φ(1,2)
+y2ℓLH1eR
no
Zee-model [22];
requires two Higgs
doublets
A1 φ(1,2), φ(1,4) 2 5
µφ†(1,4)φ(1,2)φ(1,2)
+y1ℓcLφ(1,2)ℓL
+y2ecRφ(1,4)eR
no Zee-Babu model [23,
24]
A2 φ(1,2), φ(2,3) 2 5
µφ†(1,2)H
†φ(2,3)
+λH˜†φ(2,3)φ˜(1,2)φ˜(1,2)
+yℓcLφ(1,2)ℓL
+ 12 (Dµφ(2,3))
†(Dµφ(2,3))
no
discussed in [38];
no proper mixing;
ruled out
A3 φ(1,4), φ(2,3) 2 5
µφ†(2,3)H˜φ(1,4)
+λH†φ(2,3)H
†H˜
+yecRφ(1,4)eR
no
discussed in [38];
requires two Higgs
doublets
7Model New fields Loops Eff. dim. Relevant interactions New? Comments
A4 φ(1,2), φ(3,0) 1 7
µ(H†σaH)φ(3,0)
+λφ†(1,2)(H˜
†σaH)φ(3,0)
+y1ℓcLφ(1,2)ℓL
no
discussed in [38];
no proper mixing;
ruled out
A5 φ(1,2), φ(4,1) 1 9
ℓcLφ(1,2)ℓL
+λφ†(4,1)HH
†H
+µ1φ˜
†
(4,1)φ(4,1)φ˜(1,2)
no discussed in [38]
Table II: Radiative neutrinomass models with two scalars without colour.
The first model with two new representations (A1) is the Zee-Babu model [23, 24]. It leads to a
symmetric neutrino mass matrix with respect to the family indices with one copy of each of the new
fields.
The model (A2) was discussed in Ref. [38] as a simplification of the Zee-model. Compared to the
Zee-model it is more restrictive, since there are less new couplings of the Higgs boson and the new
SU(2)L-doublet in the scalar potential. As a result, the mass matrix is traceless in flavour space and
does not produce the correct mixing. This minimal model is therefore ruled out.
Similar to (A0), the model (A3) only works in the presence of two Higgs doublets. Otherwise the
term H†σaφ(2,3)H
†σaH˜ vanishes identically and no neutrino mass is generated. This model was also
discussed in Ref. [38].
The models (A1)-(A3) are all two-loop realisations of the dimension-5 Weinberg operator. In contrast,
the model (A4) is a one-loop realisation of the dimension-7 operator (ℓLHHℓL)(H
†H)/Λ3L. However,
the mass matrix is antisymmetric in flavour space and no proper mixing is generated [38]. This minimal
model is therefore also ruled out.
The final model with two new colour-neutral scalars produces the dimension-9 operator
(ℓLHHℓL)(H
†H)(H†H)/Λ5L at one-loop level [38]. This models requires two copies of the quadru-
plet scalar since the coupling φ˜†(4,1)φ(4,1)φ˜(1,2) vanishes otherwise, and therefore also the neutrino mass.
Moreover, a variation of the model where only one of the copies of φ(4,1) acquires a vacuum expectation
value can be excluded, since it produces only a traceless neutrino mass matrix.
2. Minimal models with one new scalar and one new fermion without colour
In Table III, we list all minimal models generating neutrino masses at loop-level with a new scalar
and a new fermionic field transforming trivially with respect to SU(3)C . In general, for models with one
new fermion and one new scalar, one needs either two copies of the fermion or of the scalar to produce
8at least two independent non-zero neutrino masses.
Model New fields Loops Eff. dim. Relevant interactions New? Comments
B1
φ(1,2),
ψ
(2,−3)
L + ψ
(2,−3)
R
2 5
yℓcLφ(1,2)ℓL
+yψ
(2,−3)
R ℓLφ˜(1,2)
+yeRψ
(2,−3)
L H
+mψ
(2,−3)
L ψ
(2,−3)
R
no
introduced in [31]
no proper mixing;
ruled out
B2
φ(2,3),
ψ
(1,−2)
L + ψ
(1,−2)
R
1 5
yℓcLφ(2,3)ψ
(1,−2)
L
+yℓLHψ
(1,−2)
R
+λH†φ(2,3)H
†H˜
+mψ
(1,−2)
L ψ
(1,−2)
R
yes requires two Higgs
doublets
B3
φ(2,3),
ψ
(2,−1)
L + ψ
(2,−1)
R
2 5
yecRφ(2,3)ψ
(2,−1)
R
+yeRH˜ψ
(2,−1)
L
+λH†φ(2,3)H
†H˜
+mψ
(2,−1)
L ψ
(2,−1)
R
yes requires two Higgs
doublets
B4
φ(2,3),
ψ
(3,−2)
L + ψ
(3,−2)
R
1 5
yℓcLφ(2,3)ψ
(3,−2)
L
+λH†H˜H†φ(2,3)
+ℓLHψ
(3,−2)
R
+mψ
(3,−2)
L ψ
(3,−2)
R
yes requires two Higgs
doublets
B5
φ(4,3),
ψ
(3,−2)
L + ψ
(3,−2)
R
1 5
yℓcLφ(4,3)ψ
(3,−2)
L
+λH†H˜H†φ(4,3)
+ℓLHψ
(3,−2)
R
+mψ
(3,−2)
L ψ
(3,−2)
R
no
discussed in [43]
with two copies of
fermions
C1 φ(4,1), ψ
(5,0)
R 1 5
M(ψ
(5,0)
R )
cψ
(5,0)
R
+yℓLφ
†
(4,1)ψ
(5,0)
R
+λH†HH†φ(4,1)
no discussed by [44–49]
C2
φ(n,1), ψ
(n±1,0)
R ,
n > 4, n even
1 5
M(ψ
(n±1,0)
R )
cψ
(n±1,0)
R
+yℓLφ˜(n,1)ψ
(n±1,0)
R
+λH†φn,1H
†φn,1
no
case φ(6,1) + ψ
(5,0)
R
discussed in [50]; case
φ(3,1) + ψ
(2,0)
R discussed
in [25]
Table III: Radiative neutrino mass models with one scalar and one
fermion without colour.
The first model with one new scalar and a new vector-like fermion, (B1), was found in Ref. [31]
in a study on dimension-7 effective operators. It is a tree-level realisation of the dimension-7 operator
ℓLℓLℓLeRH/Λ
3
L, closed off at two-loop to the dimension-5 Weinberg operator by connecting eR and ℓL.
The new fermion enables the coupling µφ†(1,2)H˜
†H via a fermion loop. As a result, the neutrino mass
matrix will be traceless, as in the case of (A2), and no proper mixing will be generated. This model is
therefore ruled out.
9The models (B2) and (B3) have not been discussed previously to the best of our knowledge. Both
of them require two Higgs doublets. With only one Higgs the coupling H†φ(2,3)H
†H˜ vanishes identi-
cally, leading to a vanishing neutrino mass. While (B2) realises neutrino masses at one-loop level, (B3)
generates them at two-loop level.
The model (B4) is the triplet-analogue to (B2). Hence, it also requires two copies of the Standard
Model Higgs and induces radiative neutrino masses at one-loop. This model has not been discussed
previously.
The model (B5) was introduced and studied in Ref. [43] in a version with two vector-like copies
of the fermion field. The second copy of the fermion is necessary to produce the correct phe-
nomenology. Depending on the masses of the fields, the dominant contribution can be either the
dimension-5 operator generated at one-loop level or the tree-level realisation of the dimension-7 operator
(ℓLℓLHH)(H
†H)/Λ3L.
The model (C1) was introduced in Ref. [44] and studied in Ref. [49] as the starting point of a chain
of models introducing higher dimensional operators at tree-level as their leading term. It realises the
dimension-9 operator ℓLℓLHH(H
†H)(H†H)/Λ5L at tree-level. The dimension-5 Weinberg operator
appears at one-loop.
(C2) is a class of models that all generate neutrino mass via the same mechanism. It contains the new
scalar field φ(n,1) ∼ (1, n, 1) and the Majorana fermion ψn±1,0 = ψ
(n±1,0)
R +(ψ
(n±1,0)
R )
c ∼ (1, n±1, 0),
where n > 4, and n even. The relevant interactions are then given by
L ⊃Mψcn±1,0ψn±1,0 + yℓLφ˜n,1ψn±1,0 + λH
†φn,1H
†φn,1 . (II.1)
The resulting mass diagram is shown in Fig. 1.
νL νL
H H
ψ(n±1,0)
φ(n,1) φ(n,1)
Figure 1: Neutrino mass diagram resulting from model class C2.
The case with φ(3,1) ∼ (1, 3, 1) and ψ
(2,0)
R ∼ (1, 2, 0) was discussed in Ref. [25]. However, it
seems that in this case no neutrino mass is generated. The singlet from two fields in an even SU(2)
representation is always a completely antisymmetric combination of the fields. So at least two flavours
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of the ψ
(2,0)
R are needed. Taking into account the anticommutiation of fermion fields, the Majorana mass
matrix of these new particles is antisymmetric in flavour space. Since the rest of the interaction is totally
symmetric, the resulting mass matrix for the neutrinos will be antisymmetric, leading to a vanishing
Majorana mass.
Note that this model contains a potential dark matter candidate – the neutral component of the Ma-
jorana fermion. The example with φ(6,1) ∼ (1, 6, 1) and ψ
(5,0)
R ∼ (1, 5, 0) was studied in Ref. [50].
It was discussed as a model generating neutrino masses radiatively and containing a viable dark matter
candidate due to an accidental Z2 symmetry.
B. Minimal radiative neutrino mass models with colour
In this section, we consider minimal models where one or both new representations transform non-
trivially with respect to SU(3)C . We define the representations of SU(3)C such that 3 ⊗ 3 ∼ 6¯ ⊕ 3¯.
Note that now the conjugation of the field does not only change the sign of the hypercharges, but also the
SU(3)C -representation from R to R¯, where R is any complex representation of SU(3)C .
In order to break lepton number with new coloured scalar fields, we have to look at fermion bilinears
of Standard Model quarks and leptons and all possible quark couplings which can inverse the fermion
number flow. For new coloured fermions, we take all couplings of Standard Model quarks and the Higgs
field into account. We find several coloured models of type A, called type cA, as well as coloured B-type
(cB) and C-type (cC) models which are given in the next two subsections. Note that, apart from lepton
number violation, some of the models also introduce baryon number violation. To avoid fast proton
decays in these cases, the new particles have to be sufficiently heavy.
1. Minimal models with two new scalars with colour
In Table IV, we list the minimal models which can generate neutrino masses at loop-level with two
new scalar fields where at least one scalar field transforms in a non-trivial representation of SU(3)C .
There are basically two categories of models, one (cA1, cA3, cA5, cA7) with hypercharges 4/3 and
−2/3 and one (cA2, cA4, cA6, cA8) with hypercharges 1/3 and −2/3. Note that due to the symmetry
properties of the representations used, the models cA1, cA3, cA4, and cA6 need two copies of the new
scalar with lower hypercharge to achieve non-vanishing neutrino masses. Otherwise the lepton number
violating term of the form φaφ
2
b , where φb represents the new scalar with lower hypercharge, vanishes.
11
Model New Fields Interactions B-viol? New? Comment
cA1 φ(3,1,−2/3), φ(3,1,4/3)
y1ℓcLQLφ
†
(3,1,−2/3)
+y2QcLφ(3,1,−2/3)QL
+y3dcRφ(3,1,4/3)dR
+µφ(3,1,−2/3)φ(3,1,−2/3)φ(3,1,4/3)
yes yes
scalar up- and down-
quark; two copies of
φ(3,1,−2/3) required
cA2 φ(3,1,−2/3), φ(3,2,1/3)
y1ℓLdRφ
†
(3,2,1/3)
+y2QcLφ(3,1,−2/3)QL
+µφ(3,1,−2/3)φ(3,2,1/3)φ(3,2,1/3)
yes no
discussed in [27, 51];
embedding in SU(5)
and SO(10) [52]
cA3 φ(3,3,−2/3), φ(3,1,4/3)
y1ℓcLQLφ
†
(3,3,−2/3)
+y2QcLφ(3,3,−2/3)QL
+y3dcRφ(3,1,4/3)dR
+µφ(3,3,−2/3)φ(3,3,−2/3)φ(3,1,4/3)
yes yes
scalar up-quark and
triplet version of scalar
down-quark; two copies of
φ(3,3,−2/3) required
cA4 φ(3,3,−2/3), φ(3,2,1/3)
y1ℓLdRφ
†
(3,2,1/3)
+y2QcLφ(3,3,−2/3)QL
+µφ(3,3,−2/3)φ(3,2,1/3)φ(3,2,1/3)
yes no
mentioned in [31];
embedding in SU(5) and
SO(10) [52]; discussed in
the context of the RK
anomaly [53, 54];
two copies of φ(3,2,1/3)
required
cA5 φ(3,1,−2/3), φ(6,1,4/3)
y1ℓcLQLφ
†
(3,1,−2/3)
+y2QcLφ(3,1,−2/3)QL
+y3dcRφ(6,1,4/3)dR
+µφ(3,1,−2/3)φ(3,1,−2/3)φ(6,1,4/3)
yes no discussed in [55]
cA6 φ(6,1,−2/3), φ(3,2,1/3)
y1ℓLdRφ
†
(3,2,1/3)
+y2QcLφ(6,1,−2/3)QL
+µφ(6,1,−2/3)φ(3,2,1/3)φ(3,2,1/3)
no yes
scalar quark doublet and
colour sextet; two copies
of φ(3,2,1/3) required
cA7 φ(3,3,−2/3), φ(6,1,4/3)
y1ℓcLQLφ
†
(3,3,−2/3)
+y2QcLφ(3,3,−2/3)QL
+y3dcRφ(6,1,4/3)dR
+µφ(3,3,−2/3)φ(3,3,−2/3)φ(6,1,4/3)
yes yes variation of cA1
cA8 φ(6,3,−2/3), φ(3,2,1/3)
y1ℓLdRφ
†
(3,2,1/3)
+y2QcLφ(6,3,−2/3)QL
+µφ(6,3,−2/3)φ(3,2,1/3)φ(3,2,1/3)
no yes
scalar quark doublet and
exotic colour sextet with
non-trivial SU(2)L charge
Table IV: List of neutrino mass models with two new scalars including
non-trivial SU(3)C-representations.
It is interesting to note that scalar leptoquarks have also recently been considered in the context
of the measured B-anomalies. The hints of lepton universality violations by measurements of RK =
12
B(B¯ → K¯µµ)/B(B¯ → K¯ee) [56] can be explained by introducing the scalar leptoquark φ(3,2,1/3) [57–
59] where Ref. [57] also considers φ(3,3,−2/3). Additionally, the scalar leptoquark φ(3,1,−2/3) is also
considered to explain the measured RD(∗) = B(B¯ → D
(∗)τ ν¯)/B(B¯ → D(∗)ℓν¯) [60–64] anomaly by
Ref. [59, 65]. Note however that the scalar leptoquark φ(3,1,−2/3) leads to proton decay and therefore
Mφ(3,1,−2/3) & 3 · 10
11 GeV [66]3. This bound should apply similarly to models containing the scalar
leptoquark φ(3,3,−2/3). A thorough phenomenological study of possible connections of the B-anomalies
and neutrino masses is, however, beyond the scope of this work.
2. Minimal models with one new scalar and one new fermion with colour
Table V lists all models of type cB where neutrino masses are generated by a new scalar representation
and a new Dirac fermion with at least one new coloured field.
Model New Fields Interactions B-viol? New? Comment
cB1
φ(1,1,2),
ψ
(3,1,−2/3)
L + ψ
(3,1,−2/3)
R
y1ℓcLφ(1,1,2)ℓL
+y2QLHψ
(3,1,−2/3)
R
+y3uRφ(1,1,2)ψ
(3,1,−2/3)
L
+mψ
(3,1,−2/3)
L ψ
(3,1,−2/3)
R
no no
mentioned in [31]; singly
charged scalar and vector-like
down-type quark
no proper mixing;
ruled out
cB2
φ(1,1,2),
ψ
(3,1,4/3)
L + ψ
(3,1,4/3)
R
y1ℓcLφ(1,1,2)ℓL
+y2QLH
†ψ
(3,1,4/3)
R
+y3dRφ
†
(1,1,2)ψ
(3,1,4/3)
L
+mψ
(3,1,4/3)
L ψ
(3,1,4/3)
R
no no
mentioned in [31]; singly
charged scalar and vector-like
up-type quark
no proper mixing;
ruled out
cB3
φ(1,1,2),
ψ
(3,2,−5/3)
L + ψ
(3,2,−5/3)
R
y1ℓcLφ(1,1,2)ℓL
+y2dRHψ
(3,2,−5/3)
L
+y3QLφ(1,1,2)ψ
(3,2,−5/3)
R
+mψ
(3,2,−5/3)
L ψ
(3,2,−5/3)
R
no no
mentioned in [31]
no proper mixing;
ruled out
cB4
φ(1,1,2),
ψ
(3,2,7/3)
L + ψ
(3,2,7/3)
R
y1ℓcLφ(1,1,2)ℓL
+y2uRH
†ψ
(3,2,7/3)
L
+y3QLφ
†
(1,1,2)ψ
(3,2,7/3)
R
+mψ
(3,2,7/3)
L ψ
(3,2,7/3)
R
no no
considered in [31]
no proper mixing;
ruled out
cB5
φ(3,2,1/3),
ψ
(1,2,1)
L + ψ
(1,2,1)
R
y1ℓLφ
†
(3,2,1/3)dR
+y2uRφ(3,2,1/3)ψ
(1,2,1)
L
+y3ecRHψ
(1,2,1)
R
+mψ
(1,2,1)
L ψ
(1,2,1)
R
yes no
mentioned in [31]; scalar
quark doublet and vector-like
lepton doublet; gauge
unification at 1014 GeV [67]
3 This limit contains the assumption that the scalar leptoquark couplings are of order 10−5. For couplings of order one, the
bound can be as high as 1015 GeV.
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Model New Fields Interactions B-viol? New? Comment
cB6
φ(3,2,1/3),
ψ
(3,1,−2/3)
L + ψ
(3,1,−2/3)
R
y1ℓLφ
†
(3,2,1/3)dR
+y2ℓLφ
†
(3,2,1/3)ψ
(3,1,−2/3)
R
+y3QcLφ(3,2,1/3)ψ
(3,1,−2/3)
L
+λH†φ3(3,2,1/3)
+mψ
(3,1,−2/3)
L ψ
(3,1,−2/3)
R
yes yes
scalar quark doublet and
vector-like down-type quark;
two copies of φ(3,2,1/3)
required
cB7
φ(3,2,1/3),
ψ
(3,1,4/3)
L + ψ
(3,1,4/3)
R
y1ℓLφ
†
(3,2,1/3)dR
+y2ℓcLφ
†
(3,2,1/3)ψ
(3,1,4/3)
L
+y3QLH
†ψ
(3,1,4/3)
R
+mψ
(3,1,−2/3)
L ψ
(3,1,−2/3)
R
yes no
discussed in [68]; scalar quark
doublet and vector-like
up-type quark
cB8
φ(3,1,−2/3),
ψ
(3,2,−5/3)
L + ψ
(3,2,−5/3)
R
y1ℓcLφ
†
(3,1,−2/3)QL
+y2ℓLφ
†
(3,1,−2/3)ψ
(3,2,−5/3)
R
+y3dRHψ
(3,2,−5/3)
L
+mψ
(3,2,−5/3)
L ψ
(3,2,−5/3)
R
yes no discussed in [31, 69]
cB9
φ(3,2,1/3),
ψ
(3,2,1/3)
L + ψ
(3,2,1/3)
R
y1ℓLφ
†
(3,2,1/3)dR
+y2dcRφ(3,2,1/3)ψ
(3,2,1/3)
R
+y3dRH
†ψ
(3,2,1/3)
L
+λH†φ3(3,2,1/3)
+mψ
(3,2,1/3)
L ψ
(3,2,1/3)
R
yes yes
scalar quark doublet and
vector-like quark doublet;
two copies of φ(3,2,1/3)
required
cB10
φ(3,2,1/3),
ψ
(3,2,7/3)
L + ψ
(3,2,7/3)
R
y1ℓLφ
†
(3,2,1/3)dR
+y2ecRφ
†
(3,2,1/3)ψ
(3,2,7/3)
R
+y3uRH
†ψ
(3,2,7/3)
L
+mψ
(3,2,7/3)
L ψ
(3,2,7/3)
R
yes no mentioned in [31]
cB11
φ(3,2,1/3),
ψ
(3,3,−2/3)
L + ψ
(3,3,−2/3)
R
y1ℓLφ
†
(3,2,1/3)dR
+y2ℓLφ
†
(3,2,1/3)ψ
(3,3,−2/3)
R
+y3QcLφ(3,2,1/3)ψ
(3,3,−2/3)
L
+λH†φ3(3,2,1/3)
+mψ
(3,3,−2/3)
L ψ
(3,3,−2/3)
R
yes yes
scalar quark doublet and
triplet version of down-quark;
two copies of φ(3,2,1/3)
required
cB12
φ(3,2,1/3),
ψ
(3,3,4/3)
L + ψ
(3,3,4/3)
R
y1ℓLφ
†
(3,2,1/3)dR
+y2ℓcLφ
†
(3,2,1/3)ψ
(3,3,4/3)
L
+y3QLH
†ψ
(3,3,4/3)
R
+mψ
(3,3,4/3)
L ψ
(3,3,4/3)
R
yes no mentioned in [31]
cB13
φ(3,3,−2/3),
ψ
(3,2,−5/3)
L + ψ
(3,2,−5/3)
R
y1ℓcLφ
†
(3,3,−2/3)QL
+y2ℓLφ
†
(3,3,−2/3)ψ
(3,2,−5/3)
R
+y3dRHψ
(3,2,−5/3)
L
+mψ
(3,2,−5/3)
L ψ
(3,2,−5/3)
R
yes no listed in [31]
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Model New Fields Interactions B-viol? New? Comment
cB14
φ(3,2,1/3),
ψ
(8,2,1)
L + ψ
(8,2,1)
R
y1ℓLφ
†
(3,2,1/3)dR
+y2uRφ(3,2,1/3)ψ
(8,2,1)
L
+y3dcRφ
†
(3,2,1/3)ψ
(8,2,1)
R
+mψ
(8,2,1)
L ψ
(8,2,1)
R
yes yes colour octett version of cB5
Table V: Neutrino mass models with one new scalar and one new vector-
like Dirac fermion with at least one coloured field.
The models (cB1)-(cB4) are variants of the model (B1) with coloured fields running in the fermion
loop. As a result, they are also ruled out due to the resulting traceless neutrino mass matrix.
Models of type cC where a new scalar field and a Majorana fermion with at least one coloured
field generate neutrino masses at loop-level are included in Table VI. These encompass the coloured
seesaws [25], as well as models containing gluinos and squarks.
Model New Fields Interactions B-viol? New? Comment
cC1 φ(3,1,−2/3), ψ
(8,1,0)
L
y1ℓcLφ
†
(3,1,−2/3)QL
+y2dRφ(3,1,−2/3)ψ
(8,1,0)
L
+M(ψ
(8,1,0)
L )
cψ
(8,1,0)
L
yes no
discussed in [70, 71]; gluino
and down-type squark
cC2 φ(3,2,1/3), ψ
(8,1,0)
R
y1ℓLφ
†
(3,2,1/3)dR
+y2QLφ(3,2,1/3)ψ
(8,1,0)
R
+M(ψ
(8,1,0)
R )
cψ
(8,1,0)
R
no yes squark doublet and gluino
cC3 φ(3,3,−2/3), ψ
(8,3,0)
L
y1ℓcLφ
†
(3,3,−2/3)QL
+y2dRφ(3,3,−2/3)ψ
(8,3,0)
L
+M(ψ
(8,3,0)
L )
cψ
(8,3,0)
L
yes yes triplet version of cC1
cC4
φ(C,2,1), ψ
(C,1,0)
R ,
C real SU(3) rep.
y1ℓLφ
†
(C,2,1)ψ
(C,1,0)
R
+M(ψ
(C,1,0)
R )
cψ
(C,1,0)
R
+λH†φ(C,2,1)H
†φ(C,2,1)
no no discussed in [25]
cC5
φ(C,2,1), ψ
(C,3,0)
R ,
C real SU(3) rep.
y1ℓLφ
†
(C,2,1)ψ
(C,3,0)
R
+M(ψ
(C,3,0)
R )
cψ
(C,3,0)
R
+λH†φ(C,2,1)H
†φ(C,2,1)
no no discussed in [25]
cC6
φ(C,n,1), ψ
(C,n±1,0)
R ,
C real SU(3) rep.,
n ≥ 4, n even
M(ψ
(C,n±1,0)
R )
cψ
(C,n±1,0)
R
+yℓLφ
†
(C,n,1)ψ
(C,n±1,0)
R
+λH†φ(C,n,1)H
†φ(C,n,1)
no yes
model C2 with coloured
fields; n odd leads to
fractional charges
Table VI: Neutrino mass models with one new scalar and one newMajo-
rana fermion with at least one new coloured field.
The models (cC1) [70] and (cC2) contain particles which can be identified as gluinos and squarks.
Hence, such models can be interesting to discuss in the context of supersymmetry. However, a realistic
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ultraviolet complete model is beyond the scope of this paper. Moreover, (cC3) is the triplet version of
(cC1).
The models (cC4) and (cC5) are the coloured seesaw mechanisms. They use the fields φ(C,2,1) and
ψ
(C,1,0)
R , or φ(C,2,1) and ψ
(C,3,0)
R where C denotes any real representation of SU(3)C . Due to the colour
charge, neutrino mass is generated at loop-level. They were discussed in Ref. [25].
The model (cC6) is the generalisation of the model class (C2) to coloured models. In contrast to
(C2), this class of models does not contain fundamental dark matter candidates since the new fields carry
colour charge. For recent work on coloured dark matter see Ref. [72, 73].
III. MINIMAL RADIATIVE NEUTRINO MASS MODEL WITH ONLY NEW FERMIONS
In this section, we will first proof that there does not exist a Standard Model extension with two new
fermionic representations which generate the dimension-5 Weinberg operator only at the quantum level
without employing new symmetries. We will then present the unique model with three new fermions
which generates the Weinberg operator at the two-loop level.
Let us assume there exist two fermions ψa and ψb that fulfil the requirements for inducing LNV. In
other words, there exist three interactions involving those fermions that do not allow for a well-defined
non-trivial lepton number assignment for ψa and ψb. We can then differentiate three cases.
1. Both fermions ψa and ψb have a direct coupling to Standard Model leptons. This strongly limits
the possible representations of ψa and ψb to one of the following representations in the list
ℓLH ∼ (1, 0) ⊕ (3, 0) , eRH ∼ (2,−1) ,
ℓcLH ∼ (1, 2) ⊕ (3, 2) , e
c
RH ∼ (2, 3) , (III.1)
or the corresponding field with opposite hypercharge. Considering also the couplings of those
fields to each other, one finds that no combination of any two of those fields leads to a viable
model.
2. None of the fields couples directly to the Standard Model fermions. Since there are no bosons
carrying lepton number in the Standard Model, L(H) = L(W ) = L(B) = L(G) = 0, there can
at most be two equations for the lepton numbers of ψa and ψb,
L(ψa) + L(ψb) = L(ψa)− L(ψb) = 0 . (III.2)
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This can always be solved by setting L(ψa) = L(ψb) = 0. There is no LNV in this case.
3. One of the fields, take ψa w.l.o.g., couples directly to the Standard Model leptons, the other one,
ψb, does not. Since we excluded νR ∼ (1, 1, 0) and ρR ∼ (1, 3, 0) from these considerations as
they lead to tree-level neutrino masses, it follows from the list (III.1) that ψa has non-vanishing
hypercharge. As a result either ψa or ψ
c
a can couple to the Standard Model leptons, but not both.
This fixes the lepton number of ψa to L(ψa) = ±1.
Next, we list all possible representations of ψb, that allow for a coupling to ψa, but not to the
Standard Model. Among all representations coupling to the candidates for ψa from (III.1) via a
Yukawa coupling,
ψ1,−2H ∼ (2,−1) , ψ1,−2H˜ ∼ (2,−3) , (III.3)
ψ2,−1H ∼ (1, 0) ⊕ (3, 0) , ψ2,−1H˜ ∼ (1,−2) ⊕ (3,−2) ,
ψ2,−3H ∼ (1,−2) ⊕ (3,−2) , ψ2,−3H˜ ∼ (1,−4) ⊕ (3,−4) ,
ψ3,−2H ∼ (2,−1) ⊕ (4,−1) , ψ3,−2H˜ ∼ (2,−3) ⊕ (4,−3) ,
there are four such representations,
ψB ∼ (1, 1, 4) , ψB ∼ (1, 3, 4) , ψB ∼ (1, 4, 1) , ψB ∼ (1, 4, 3) .
Now we have to find two interaction terms for ψb that lead to a well-defined hypercharge compat-
ible with the list of candidates, but an ill-defined lepton-number. The first possibility would be to
consider the Majorana mass term ψcbψb. It requires Y (ψb) = 0. However, there is no candidate
with Y (ψb) = 0, so we exclude this case. The remaining possibility is having both, the coupling
of ψb and ψ
c
b to ψa. From them, we find the following conditions for the hypercharge of ψa and
ψb
Y (ψa) + Y (ψb) = ±1 , (III.4)
Y (ψa)− Y (ψb) = ±1 , (III.5)
because the Higgs boson, the only way to mix fermions of different isospin or hypercharge in the
Standard Model, has a hypercharge of one. Since the Higgs boson is colour neutral there is no
way to mix fermions with different SU(3)C -representations without adding a new scalar. This set
of equations must be solved with Y (ψa) = ±1. The only possible solution is again Y (ψb) = 0.
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Therefore, there is no model with two new fermions. This concludes the proof.
However, by going to three new fermionic representations, we find a unique model. Some aspects of
this model were discussed in Ref. [37]. A proof of its uniqueness is given in the Appendix A. The field
content is given by two vector-like Dirac fermions
ψ
(3,−2)
L + ψ
(3,−2)
R ∼ (1, 3,−2) and ψ
(4,−1)
L + ψ
(4,−1)
R ∼ (1, 4,−1) , (III.6)
and a single Majorana fermion
(ψ
(5,0)
R )
c + ψ
(5,0)
R ∼ (1, 5, 0) . (III.7)
We thus find the relevant interactions
L ⊃M(ψ
(5,0)
R )
cψ
(5,0)
R + y1ψ
(3,−2)
RH˜ℓL + y2ψ
(4,−1)
LHψ
(3,−2)
R + y3ψ
(5,0)
RHψ
(4,−1)
L . (III.8)
Note that the dimension-5 operator is generated at two-loop level as can be inferred from Fig. 2.
νL νL
H
H
ψ3,−2 ψ4,−1 ψ5,0 ψ4,−1 ψ3,−2
H
H
Figure 2: One possible realisation of the Weinberg operator in the unique model with only three new fermionic
representations generating neutrino mass at loop level.
In the limit y1 → 0, this model has an accidental Z2 symmetry
ψ(3,−2) → −ψ(3,−2) and ψ(3,−2) → −ψ(3,−2) ,
ψ(4,−1) → −ψ(4,−1) and ψ(4,−1) → −ψ(4,−1) ,
ψ(5,0) → −ψ(5,0) . (III.9)
It is thus technically natural that the Yukawa coupling y1 is small. However, the smallness of this cou-
pling does not only suppress the neutrino masses but also makes the lightest of the new fermionic particles
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approximately stable. If the lightest new fermion is electrically neutral, the presented model hence has a
potential dark matter candidate. A thorough study of the connection of neutrino masses and dark matter
in this scenario is left for future work.
Moreover, this model can also be viewed as a two-loop prototype version of a more general mecha-
nism for neutrino mass suppression. One can write down such a mass model starting from any fermion in
a SU(2)L ⊗U(1)Y -representation of the form (N,0), whereN is odd. To connect the Majorana fermion
to the Standard Model leptons, an increasing number of intermediate new fermions is required. The
higher the dimension N of the representation of the Majorana fermion, the larger the loop order l of the
resulting mass diagram,
l = (N − 3) , N ≥ 3. (III.10)
For large N this will lead to a ladder structure in the mass diagram – the representation of the fermion
will increase up toN and then decrease down to two again. Only neighbouring fermions in this diagram
can directly couple to each other within the Standard Model. In this sense, this type of neutrino mass
model resembles the Froggatt-Nielsen mechanism [74] and the Clockwork mechanism [75, 76] – there
is a chain of particles, each of which can only interact with the neighbouring elements of the chain. This
chain suppresses the introduced mass of the neutrino with respect to the mass of the Majorana fermion
by including not only a Yukawa coupling, but also a loop order for each chain element.
For example, for a new Majorana fermion Ξ ∼ (1, 7, 0) we need to introduce four additional new
fermions. We always start with χ1 ∼ (1, 3,−2), the rest can be chosen accordingly. The model with
minimal overall hypercharge would contain χ2 ∼ (1, 4,−1), χ3 ∼ (1, 5,−2), and χ4 ∼ (1, 6,−1). This
will lead to a four-loop mass diagram, see Fig. 3.
IV. CONCLUSIONS
In this paper, we systematically studied radiative neutrino mass models, where the dimension-5 Wein-
berg operator is only generated at loop level. We add just two new beyond the Standard Model represen-
tations without employing new symmetries. The complete lists of known and new models can be found
in the Tables II, III, IV, V, and VI. Thereby, two new representations is the minimal number of new fields
which have to be added to the Standard Model to only generate neutrino masses at the quantum level –
with the only exception being the Zee-model [22] which just requires one new scalar representation and
an additional Standard Model Higgs copy. This is a bottom-up approach to systematically study possible
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νL νL
H
H
χ1 χ2 χ3 χ4 Ξ χ4 χ3 χ2 χ1
H
H
H
H
Figure 3: “Chain” diagram for neutrino mass based on a model with the new fermions Ξ ∼ (1, 7, 0), χ1 ∼
(1, 3,−2), χ2 ∼ (1, 4,−1), χ3 ∼ (1, 5,−2), and χ4 ∼ (1, 6,−1). This is an example for a mechanism of
systematic loop suppression of the neutrino mass.
neutrino mass mechanisms. When considering ultraviolet completions, models which seem to be mini-
mal from the low energy perspective can actually be non-minimal and vice versa. The study of minimal
radiative neutrino masses from an ultraviolet perspective is therefore a complementary approach that
might reveal a different list of minimal models.
The models C1 and C2 also contain stable neutral particles. These particles are potential dark matter
candidates. The study of the interplay of neutrino and dark matter phenomenology in these models was
partly done in Ref. [50] but a more complete study would be desirable.
By allowing new coloured scalars to generate neutrino masses, also scalar leptoquarks were intro-
duced as Standard Model extensions. Scalar leptoquarks such as φ(3,2,1/3), φ(3,1,−2/3), and φ(3,3,−2/3)
are considered as possible explanations for the current B-anomalies. This opens up the window to study
a common origin of neutrino masses and B-anomalies, as was already addressed by Ref. [53, 54].
In section III, we gave a formal proof that neutrino masses cannot be generated solely via quantum
effects with just two new fermionic representations. We then introduced the minimal and unique model
with three new fermionic representations ψ
(3,−2)
L +ψ
(3,−2)
R , ψ
(4,−1)
L +ψ
(4,−1)
R , and ψ
(5,0)
R . As the lightest
new fermion decays very weakly, this model also has a potential dark matter candidate. Furthermore,
extensions of this model allow to explain large mass separations via a fermionic ladder structure, as
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can be inferred from the chain diagram in Fig. 3. A thorough phenomenological study of the minimal
fermionic Standard Model extensions which generates neutrino masses only at the quantum level is
planned for future work.
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Appendix A: Proof of uniqueness of minimal three fermion model
In this appendix, we show that there is exactly one model with three new fermionic representations
generating the dimension-5 Weinberg operator only at loop level without employing any new symmetries.
Let us first make some general observations for fermionic fields fulfilling
|Y (ψx)| ≥ |Y (H)| . (A.1)
For any two fermions fulfilling this condition, all Yukawa couplings are of the form
ψxΦψy : sign (Y (ψx)) = sign (Y (ψy)) , (A.2)
ψcxΦψy : sign (Y (ψx)) 6= sign (Y (ψy)) ,
where Φ can be H or H˜ , but Φ could also be a mass insertion. Eq. (A.2) can be inferred from requiring
that the sum of hypercharges is zero for each term in the Lagrangian. Thus, for any two fermion fields
fulfilling eq. (A.1), the condition for lepton number conservation reads
sign (Y (ψx))Lx − sign (Y (ψy))Ly = 0 . (A.3)
All leptons in the Standard Model have negative hypercharge and fulfil condition (A.1). So the coupling
of any new fermion obeying (A.1) to the Standard Model leptons will be of the form
XΦψx : Y (ψx) < 0 ,
XcΦψx : Y (ψx) > 0 , (A.4)
where X is any Standard Model lepton. Eq. (III.1) tells us that all new fermion couplings to the Standard
21
Model that are admitted satisfy eq. (A.1). Hence, for any new fermion coupling to Standard Model
leptons the equation for the lepton number is
Lx = −sign (Y (ψx)) . (A.5)
Moreover, according to eq. (III.3), all fermions that the ones from eq. (III.1) can couple to obey eq. (A.1).
Now, we consider all possible models for three new fermions, ψa, ψb, and ψc, differentiating four
cases:
1. None of the new fermions has a direct coupling to any Standard Model leptons. In this case, one
can just set L = 0 for all new fermions and there will be no LNV. This includes the case where
all new fermions have a non-trivial colour representation.
2. All of the new fields couple to the Standard Model leptons. Then all of the new fields are from
the list in eq. (III.1), and obey eq. (A.1). Considering all possible interactions of the new fermions
with each other, we find, according to eq. (A.3) and eq. (A.5),
sign (Y (ψa))La − sign (Y (ψb))Lb = −1− (−1) = 0 ,
sign (Y (ψa))La − sign (Y (ψc))Lc = −1− (−1) = 0 ,
sign (Y (ψc))Lc − sign (Y (ψb))Lb = −1− (−1) = 0 .
(A.6)
Hence, there is no LNV in this case.
3. Two new fermions, say ψa and ψb w.l.o.g., couple to the Standard Model leptons directly, the third
new fermion does not. If ψc couples to neither ψa nor ψb, then we can just set Lc = 0, and this
reduces to the two-fermion case which has no solution. Hence, ψc must couple to either ψa or ψb.
In this case, it follows from eq. (A.3) and eq. (A.5)
sign (Y (ψa))La − sign (Y (ψb))Lb = −1− (−1) = 0 ,
sign (Y (ψa))La − sign (Y (ψc))Lc = −1− sign (Y (ψc))Lc = 0 ,
sign (Y (ψb))Lb − sign (Y (ψc))Lc = −1− sign (Y (ψc))Lc = 0 .
(A.7)
This is solved by
Lc = −sign (Y (ψc)) . (A.8)
Hence, there is also no LNV in this case.
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4. One field, ψa w.l.o.g., couples directly to Standard Model leptons, the other two do not. If one of
them has no coupling to the other two at all, then the problem reduces to the two fermion case and
there is no LNV.
If ψb and ψc both have non-zero hypercharge, we find that LNV can always be avoided by choos-
ing the lepton numbers according to eq. (A.5):
sign (Y (ψa))La − sign (Y (ψb))Lb = −1− sign (Y (ψb))Lb = 0 ,
sign (Y (ψa))La − sign (Y (ψc))Lc = −1− sign (Y (ψc))Lc = 0 ,
sign (Y (ψb))Lb − sign (Y (ψc))Lc = 0 .
(A.9)
This is solved by
sign (Y (ψb))Lb = −1 = sign (Y (ψc))Lc
⇐⇒ Lb =
−1
sign (Y (ψb))
= −sign (Y (ψb)); Lc = −sign (Y (ψc)) .
(A.10)
Considering all candidates listed in eq. (III.3) and all multiplets they can couple to,
ψ(1,−4)H ∼ (2,−3) , ψ(1,−4)H˜ ∼ (2,−5) , (A.11)
ψ(3,−4)H ∼ (2,−3) ⊕ (4,−3) , ψ(3,−4)H˜ ∼ (2,−5) ⊕ (4,−5) ,
ψ(4,−1)H ∼ (3, 0) ⊕ (5, 0) , ψ(4,−1)H˜ ∼ (3,−2) ⊕ (5,−2) ,
ψ(4,−3)H ∼ (3,−2) ⊕ (5,−2) , ψ(4,−3)H˜ ∼ (3,−4) ⊕ (5,−4) ,
we find that there is exactly one choice of ψa, ψb, and ψc containing a field of zero hypercharge,
such that the above argumentation does not apply. In this case,
L ⊃Mψccψc ⇒ Lc = 0 . (A.12)
Since La is determined by eq. (A.5), we find for ψb
−1− sign (Y (ψb))Lb = 0 ⇒ Lb = −sign (Y (ψb)) 6= 0 , (A.13)
0± sign (Y (ψb))Lb = 0 ⇒ Lb = 0 .
It follows that ψb needs to couple to both ψa and ψc to produce lepton number violation. We conclude
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that there is exaclty one model with three new fermionic multiplets and LNV namely
ψa ∼ (3,−2) ψb ∼ (4,−1) ψc ∼ (5, 0) , (A.14)
where the signs of all hypercharges may also be inverted.
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